In the developing mouse optic tract, retinal ganglion cell (RGC) axon position is organized by topography and laterality (i.e., eye-specific or ipsi-and contralateral segregation). Our lab previously showed that ipsilaterally projecting RGCs are segregated to the lateral aspect of the developing optic tract and found that ipsilateral axons self-fasciculate to a greater extent than contralaterally projecting RGC axons in vitro. However, the full complement of axon-intrinsic and -extrinsic factors mediating eye-specific segregation in the tract remain poorly understood. Glia, which are known to express several guidance cues in the visual system and regulate the navigation of ipsilateral and contralateral RGC axons at the optic chiasm, are natural candidates for contributing to eye-specific pre-target axon organization. Here, we investigate the spatiotemporal expression patterns of both putative astrocytes (Aldh1l11 cells) and microglia (Iba11 cells) in the embryonic and neonatal optic tract. We quantified the localization of ipsilateral RGC axons to the lateral two-thirds of the optic tract and analyzed glia position and distribution relative to eyespecific axon organization. While our results indicate that glial segregation patterns do not strictly align with eye-specific RGC axon segregation in the tract, we identify distinct spatiotemporal organization of both Aldh1l11 cells and microglia in and around the developing optic tract. These findings inform future research into molecular mechanisms of glial involvement in RGC axon growth and organization in the developing retinogeniculate pathway.
formation (reviewed in Herrera, Erskine, & Morenilla-Palao, 2017 ). In the binocular vertebrate visual system, RGC axons exit the retina and extend through the optic nerve to the optic chiasm at the midline, a complex intermediate choice point for growing axons, where some RGC axons cross the midline to project contralaterally and others turn away from the chiasm region to project ipsilaterally (reviewed in Petros, Rebsam, & Mason, 2008) . After navigating the decussation choice at the chiasm, RGC axons extend through the optic tract to innervate the dLGN and the superior colliculus (SC), the vision-processing targets in the thalamus.
As appreciation for the diversity of glial contributions to brain development increased (reviewed in Barres & Barde, 2000) , researchers continued to utilize the visual system to study glial function in neural development and plasticity. Much of the exploration of glia in the developing visual system centered on the optic nerve, chiasm (Mason & Sretavan, 1997) , and the dLGN (e.g., Hutchins & Casagrande, 1988 . Light and electron microscopic analyses in fish and mammals revealed frequent contact between RGC axons in the optic nerve, with interfascicular glia extending processes alongside axons (Bovolenta & Mason, 1987; Guillery & Walsh, 1987; Maggs & Scholes, 1986; Williams & Rakic, 1985) . Notably, the orientation of glia changes between the nerve and chiasm, which in turn corresponds to changes in RGC growth cone morphology. In the nerve, glia are interfascicular, growing with the direction of extending axons (Maggs & Scholes, 1986) , which have tapered, torpedo-like growth cones, indicating relatively quick and unhindered growth (Bovolenta & Mason, 1987; Godement, Wang, & Mason, 1994; Mason & Wang, 1997) .
In the chiasm, glia extend radially from the ventral aspect of the midline of the nascent diencephalon rather than interfascicular among axons, creating a glial palisade through which RGC axons are guided to their ipsilateral or contralateral trajectory (reviewed in Mason & Sretavan, 1997) . Detailed morphological studies showing increased ramification and slower extension of growth cones navigating through the optic chiasm radial glia (Bovolenta & Mason, 1987; Godement et al., 1994; Guillery & Walsh, 1987; Maggs & Scholes, 1986; Mason & Wang, 1997; Reese, Maynard, & Hocking, 1994) suggested that the glia provide selective guidance cues to ipsi-and contralateral RGC axons. Indeed, subsequent molecular studies have revealed some of these cues (e.g., Kuwajima et al., 2012; S. E. Williams et al., 2003) .
While midline radial glia in the chiasm are critical for the successful navigation of ipsi-and contralateral RGC axons to the appropriate side of the brain, little is known about glia in the optic tract. Of the few studies that directly examined glia in the optic tract, most were not performed in mouse (e.g., Inoue, 1970; Levine, 1989; Reese, Johnson, Hocking, & Bolles, 1997; Vanselow, Thanos, Godement, Henke-Fahle, & Bonhoeffer, 1989) , and those performed in mouse were only able to draw limited conclusions on the presence and morphology, but not distribution, of glia in the tract (Colello & Guillery, 1992) .
To address the gap in our knowledge of glia in the murine retinogeniculate pathway, we used classic anatomical approaches, in a similar vein to Vivien Casagrande's work (Hutchins & Casagrande, 1988 , 1989 , to assess glia in the embryonic and neonatal mouse optic tract.
Specifically, we examined the distribution of putative astrocytes and microglia in the context of pre-target organization of ipsilateral and contralateral RGC axons in the tract. Pre-target axon organization, a common feature of axon tracts (e.g., Imai et al., 2009; Zhou et al., 2013) , is likely mediated by intrinsic axon-axon interactions, which are important for axon targeting (Wang et al., 2014) , and extrinsic factors, including cues from surrounding cells, such as glia in and around the tract. RGC axons in the developing mouse retinogeniculate pathway are organized by both topography (Chan & Chung, 1999) and laterality (i.e., ipsi-and contralateral axons; Godement, Salaun, & Imbert, 1984) , and ipsilateral RGC axons self-fasciculate more than contralateral axons in vitro (Sitko, Kuwajima, & Mason, 2018) . However, other mechanisms mediating pre-target axon order in the developing optic tract, in particular, the tendency of ipsilateral RGC axons to course in the lateral tract, remain poorly understood.
Therefore, we used genetic labeling of ipsilateral RGC axons and putative astrocytes and antibody labeling of radial glia and microglia to detail glia number, distribution, and morphology along the mediolateral and rostrocaudal axes of the developing optic tract. While there is no apparent glial segregation paralleling that of ipsi-and contralateral RGC axons, we find distinct spatiotemporal organization of putative astrocytes and microglia within the tract and along the outer walls of the tract. The results presented here open the door to future studies examining the molecular identity of optic tract glia and how they might interact with axons to guide pre-target axon organization and/or early axon targeting decisions as they exit the tract to innervate their targets.
| M A TER I A LS A N D M ETH OD S

| Animals
Mice were maintained in a timed-pregnancy colony in a barrier facility at Columbia University Medical Center. All procedures were carried out in compliance with protocols approved by Columbia University's Institutional Animal Care and Use Committee. Breeding female mice were checked for vaginal plug midday each weekday. The day of plug detection was considered embryonic day (E) 0, and embryos were harvested from dams as close to midday on the day of collection as possible. ET33 SERT-Cre and Aldh1l1-eGFP mice were generated by GENSAT (Gong et al., 2007) , and E33-SERT-Cre::ZsGreen mice were provided as a gift from Dr. Tom Maniatis (Columbia University).
Aldh1l1-eGFP mice were obtained as a gift from the Dr. Ben Barres (Stanford University). All mice were maintained on a C57BL/6J background.
| Immunohistochemistry
Embryos were harvested from pregnant dams anesthetized with ketamine/xylazine (100 and 10 mg/kg, respectively, in 0.9% saline). Postnatal day (P) 0 mice were anesthetized with ketamine/xylazine (100 and 10 mg/kg, respectively, in 0.9% saline). E16, E18, and P0 mice were transcardially perfused with 4% paraformaldehyde (PFA), and E14 mice were drop-fixed after harvest and decapitation without being perfused. Brains were post-fixed in 4% PFA at 48C overnight, followed by immersion in a 10% sucrose-PBS solution, then 30% sucrose-PBS at 48C for 48 hr each or until the tissue no longer floated. After sucrose equilibration, brains were embedded in OCT and frozen on dry ice for cryosectioning.
SERT-Cre::ZsGreen and Aldh1l1-eGFP brains were cryosectioned 25 lm thick and collected serially onto four sets of slides. One set of slides was immunostained for each experiment, resulting in sections 100 lm apart. Slides were washed for 5 min three times with 13 PBS and blocked in 10% Normal Donkey Serum (NDS) in 13 PBS with 0.25% Tween (PBST) at room temperature (RT) for 1 hr. Slides were then incubated in primary antibody mix overnight and washed for 5 min three times with 13 PBS, followed by a 2 hr RT incubation in secondary antibody mix, then a 10 min RT incubation in 1:1000 Hoechst:PBST solution. After a final set of three 5 min washes of PBS at RT, slides were coverslipped with Fluoro-Gel mounting medium. See below for antibodies used, and Table  T1 1 for antibody concentrations and details. 
| Experimental design and statistical analysis
Qualitative observations of Aldh1l1-eGFP and RC2 co-labeling were performed in one animal of each age ( Figure  F1 For analyses of glia number and distribution, the optic tract was divided into three coequal sectors as above, and two additional sectors of the same size were made directly medial and lateral to the optic tract. Cell bodies were manually counted in each optical section of a z-stack of images using Fiji based on the presence of Iba1 or Aldh1l1-eGFP signal, colocalized with the Hoechst nuclear label. Graphical and statistical analyses for all experiments were performed using GraphPad Prism7 software (Version 7.0d, GraphPad Software Inc., La Jolla, CA, RRID:SCR_015807).
| R E SU LTS
3.1 | Aldh1l11 cells are present in the optic tract and are morphologically distinct by E18
As glia provide many cues and signposts to growing axons during the development of neuronal tracts (reviewed in Learte & Hidalgo, 2007; Lemke, 2001) , we specifically asked how glia are distributed in the developing optic tract relative to pre-target organization of ipsi-and contralateral RGC axons. Thus, we first set out to determine whether astrocytes are enriched in the optic tract region at early stages of retinogeniculate pathway development. Aldh1l1 is a common marker specific to astrocytes during adulthood (Cahoy et al., 2008) , but is also expressed in radial glial cells during embryonic development (Molofsky et al., 2013) . To distinguish between astrocytes and radial glial cells, we GFP expression (indicating Aldh1l11 cells and processes) was apparent at all ages examined. At E14 and E16, GFP expression was primarily radial and co-localized with RC2, with cells exclusively labeled with GFP not present until E18 (Figure 1c ). Aldh1l11 radial processes only sparsely invade the tract region at E14, but extend fairly evenly across the mediolateral width of the tract at E16. While Aldh1l11 cell bodies were occasionally observed within the optic tract of some E16 animals, distinct Aldh1l11 cell bodies did not consistently appear inside the tract until E18 and were not particularly abundant at any stage examined here. Notably, at E18, the Aldh1l11 cell bodies found within the optic tract are qualitatively distinct from those medial to the tract. Specifically, the morphology of Aldh1l11 cells within the optic tract was elongated and flattened, with few, if any, visible processes (Figure 1d , blue arrows). These oblong cells were also found sparsely within the optic tract at P0, although more complex, ramified Aldh1l11 cells were also apparent by this age (Figure 1d ).
In sum, we observe developmental changes in the presence and morphology of Aldh1l11 cells in and around the embryonic and newborn optic tract, with radial glia processes reaching across the tract, perpendicular to growing axons, prior to E18, and more clearly delineated astrocyte cell bodies evident by E18. The distinct morphologies of astrocytes within and outside of the tract could indicate different astrocyte functions in the two regions.
3.2 | Ipsilateral RGCs are positioned in the lateral twothirds of the optic tract by E18
We previously reported that ipsilateral RGCs are segregated by laterality within the optic tract . Here, we confirmed the lat- . At E16, ipsilateral RGC axons are sparse and not segregated mediolaterally within the optic tract (c). By E18 and P0, ipsilateral axons are positioned in the lateral two-thirds of the optic tract (d, e). Groups were analyzed using a one-way ANOVA with Tukey's multiple corrections test (n 5 5-6). p < .05 was considered statistically significant (*p < .05, **p < .01, ***p < .05). Error bars represent standard error of the mean. Scale bars 5 100 lm Stage:
Page: 6 in the optic tract as early as E14, unlike the Aldh1l11 signal, which remains radial until later in embryonic development, we examined four developmental time points: E14, E16, E18, and P0.
Similar to Aldh1l11 cells, we found that microglia were few in number but present in all sectors within the optic tract at all ages examined ( Figure  F4 4a). Microglia were found in comparable numbers in all segments within the tract (Figure 4 b). They were, however, found in high numbers directly lateral to the tract (Figure 4b ), where they take on a less ramified, more amoeboid shape, compared with microglia inside the tract (Figure 4a . Aldh1l11 cells are elevated in number directly medial to the optic tract at E18, but not at P0 (c). Groups were analyzed using a one-way ANOVA with Tukey's multiple corrections test (n 5 5-6). p < .05 was considered statistically significant (*p < .05, **p < .01, ***p < .05). Error bars represent standard error of the mean. Scale bars 5 100 lm optic tract, we sought to determine whether either cell type displayed subtler mediolateral distribution patterns along the length of the tract.
To do this, we calculated glial density within lateral, mid, and medial sectors of the tract, using the cell counts reported above for each of the four serial sections through the tract, but taking into account tract width and area. Because the width of the optic tract varies across sections within a given animal as well as across animals, analyzing the density of Aldh1l11 cells and microglia within each sector provides a normalized quantification of glia distribution in the tract, offering more insight than afforded by absolute cell number.
Plotting glial density within each mediolateral sector against the position of the sectors along the rostrocaudal tract length revealed significant differences in Aldh1l11 cell density across the mediolateral axis at E18 ( Figure  F5 5a; p 5 .0194, two-way ANOVA). Post-hoc analysis showed that Aldh1l11 cell density is significantly higher in the lateral sector compared to the mid sector at E18 (p 5 .0199, Tukey's multiple comparisons test). However, the bias of Aldh1l11 cells toward the lateral sector of the optic tract appears to be transient-by P0, Aldh1l11 cells are evenly distributed throughout the optic tract, with no significant differences in glial density between the lateral, mid, and medial sectors of the tract (Figure 5a ).
Similarly, we identified statistically significant differences in microglia density across the mediolateral axis of the optic tract (Figure 5b 3.6 | Aldh1l11 cells, but not microglia, are biased toward the dLGN along the rostrocaudal axis of the optic tract
Using the same analysis as above, we next investigated whether glia are evenly distributed throughout the rostrocaudal extent of the optic tract, from just caudal of the optic chiasm to the dLGN. Examining
Aldh1l11 cell density across all four serial sections indicated that Aldh1l11 cell density changes along the rostrocaudal axis of the optic tract at both E18 (p 5 .0122, two-way ANOVA) and P0 (p 5 .0109, two-way ANOVA). At both ages, Aldh1l11 cell density increases from the anterior tract (i.e., the section just caudal to the optic chiasm) to the posterior tract (i.e., the caudal-most section, as the tract nears the dLGN) ( Figure  F6 6a). This effect appears specific to Aldh1l11 cells, as microglia density is consistent across the rostrocaudal extent of the optic tract at each age tested (Figure 6b ; E14, p 5 .6923; E16, including axon outgrowth and laminar position of neurons (Squarzoni et al., 2014) , developmental pruning and plasticity (Schafer et al., 2012) , and fasciculation and organization of axons .
In the visual system, changes in glial morphology and orientation from the nerve to the chiasm have been suggested to play a role in establishing topographic (e.g., Reese et al., 1994) or age-related order (e.g., Maggs & Scholes, 1986; Reese et al., 1997) of growing RGC axons, but this has not been fully investigated, and glia in the mouse optic tract in particular remain poorly understood.
We aimed here to assess features of two types of glia-presumptive astrocytes (using genetic labeling of Aldh1l1) and microglia (using Aldh1l11 cell and microglia density in the mediolateral dimension within the optic tract. Aldh1l11 cell density is higher in the lateral-most sector within the optic tract at E18, but not P0 (a). Microglia density is consistent throughout the optic tract at earlier ages, E14 and E16 (b) . By E18, however, microglia density is higher in the lateral-most sector of the optic tract, a pattern that is maintained through birth. Groups were analyzed using a one-way ANOVA with Tukey's multiple corrections test (n 5 5-6). p < .05 was considered statistically significant (*p < .05, **p < .01, ***p < .05). Error bars represent standard error of the mean (Figures 3c and 4b ).
The distribution patterns of the glia presented here do not directly implicate either class of cells in mediating ipsilateral RGC axon position to the lateral tract or the segregation between ipsilateral and contralateral axons previously reported . However, the subtle bias of both Aldh1l11 cells and microglia toward to the lateral segment of the tract at the end of embryonic development ( Figure 5 ) is suggestive of a possible role in the lateral position of ipsilateral retinal axons.
Even in the absence of direct spatial relationships between ipsilateral RGC axons and astrocytes or microglia, however, glia may well contribute to eye-specific segregation of RGC axons en route to the dLGN and SC by presenting molecular cues specific to ipsi-and contralateral RGC axons. One limitation of our study is that by using Aldh1l1 and Iba1 as markers of astrocytes and microglia, respectively, we are blind to the molecular heterogeneity within either population of cells. Both astrocytes and microglia are highly heterogeneous groups of cells with subpopulations engaging in a variety of specific roles, the details of which are still being actively explored (Chai et al., 2017; Grabert et al., 2016) . Indeed, we observed two distinct populations of Aldh1l11 cells in the optic tract-those colocalized with RC2 and those expressing Aldh1l1-eGFP alone. Future studies could utilize additional known glial markers, including GFAP, Vimentin, Aquaporin-4, and S100b, to identify specific subsets of astrocytes relative to RGC axon cohorts. Single cell RNA sequencing of putative astrocytes isolated from the optic tracts of Aldh1l1-eGFP mice could provide even more insight into the heterogeneity of optic tract astrocytes in the future. Sequencing experiments would likely reveal novel markers for subsets of astrocytes in the tract, which histological analyses could then relate to ipsilateral and contralateral RGC axon cohorts.
Aldh1l11 cell density increases with proximity to the dLGN along the rostrocaudal axis of the optic tract at both E18 and P0 ( Figure 6 ). This is in contrast with microglia, which are evenly distributed along the rostrocaudal axis of the optic tract at all ages examined, suggesting that the two cell types are functionally divergent in tract development.
One possible explanation for the increase in rostrocaudal density of Aldh1l11 cells near the dLGN is that the flattened, elongated Aldh1l11 cells we observe may be migrating along the optic tract toward the target. It is also possible that, along the lines of Vivien Casagrade's findings (Hutchins & Casagrande, 1988 ), Aldh1l11 cells act as mediators of early targeting to the dLGN, guiding axons as they exit the tract to enter the target. These two explanations are not mutually exclusive, and further study will be required to elucidate the significance of increasing astrocyte density as RGC axons approach the dLGN.
Embryonic day 18 emerges as an important developmental time point in our analyses. Specifically, coincident with ipsilateral RGCs segregating into the lateral two-thirds of the optic tract (see Figure 2 and Sitko et al., 2018) , distinct flattened, elongated Aldh1l11 cells appear in the tract and are temporarily biased toward the lateral-most sector of the tract. Outside of the tract, Aldh1l11 cells are higher in number directly medial to the tract at E18, a pattern that is also no longer present by P0 (Figure 3c ). Microglia, which are evenly distributed across the mediolateral axis of the tract at E14 and E16, also become lateral- The microglia lateral to the tract are amoeboid in morphology, rather than the ramified microglia seen inside the optic tract. How these morphological differences might influence their relationship with and possible effects on retinal axons in the optic tract is unclear.
Appreciation of cellular morphology and organization in developing tissues has a rich history in neurobiology, reaching back to seminal work by Santiago Ram on y Cajal, and anatomical approaches have helped elucidate many novel and important principles of neural development (Godement, Salaun, & Mason, 1990; Guillery & Walsh, 1987; Hutchins & Casagrande, 1988) . The qualitative and quantitative account of the distribution of glia cells presented here builds on this legacy and furthers our understanding of the spatiotemporal dynamics of astrocytes and microglia in the embryonic and neonatal mouse optic tract. This knowledge provides a necessary foundation for probing the molecular mechanisms of glial contributions to axon growth and organization within the developing tract in the future.
